Spectroscopic signatures of spin-charge separation in the quasi-one-dimensional 

organic conductor TTF-TCNQ 
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The electronic structure of the quasi-one-dimensional organic conductor TTF-TCNQ is studied 
by angle-resolved photoelectron spectroscopy (ARPES). The experimental spectra reveal significant 
discrepancies to band theory. We demonstrate that the measured dispersions can be consistently 
mapped onto the one-dimensional Hubbard model at finite doping. This interpretation is further 
supported by a remarkable transfer of spectral weight as function of temperature. The ARPES data 
thus show spectroscopic signatures of spin-charge separation on an energy scale of the conduction 
band width. 
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PACS numbers; 71.20.Rv, 79.60.Fr, 71.10.-w 

The Fermi liquid (FL) concept is a central paradigm of 
solid state physics. It describes the low-lying electronic 
excitations of metals in terms of renormalized and only 
weakly interacting quasiparticles. Recently, various ma- 
terials have been discovered whose unusual low-energy 
properties signal a breakdown of the quasiparticle pic- 
ture. The theoretically best established case of non-FL 
physics is that of the interacting one-dimensional (ID) 
electron gas Here the quasiparticle picture fails due 
to a decoupling of charge and spin degrees of freedom, 
leading to the emergence of a new generic many-body 
quantum state commonly referred to as Luttinger liquid. 
Precise results have been obtained for its spectral prop- 
erties at very low excitation energies . Recently, sev- 
eral theoretical studies have pointed out that 
in the case of strong local Coulomb interaction signatures 
of spin-charge separation may also be observable at high 
energies on the scale of the conduction band width. 

Experimentally, the search for Luttinger liquid signa- 
tures in quasi-lD metals has so far been directed at their 
low-energy spectral behavior. For example, virtually all 
quasi- ID metals studied by angle-resolved photoelectron 
spectroscopy (ARPES) display a characteristic suppres- 
sion of spectral weight near the Fermi level |^,^. How- 
ever, this finding alone is not sufficient as manifestation of 
generic non-FL physics. Therefore, an unambiguous and 
direct spectroscopic identification of spin-charge separa- 
tion in a ID metal is still lacking. 

In this Letter we present ARPES results on the elec- 
tronic structure of the quasi- ID organic conductor TTF- 
TCNQ (tetrathiafulvalene tetracyanoquinodimcthane) 
which reveal significant discrepancies from a conventional 
band structure description. We demonstrate that the 
TCNQ-related part of the experimental spectra can be 
consistently mapped onto the ID Hubbard model at fi- 



nite doping and thus reflects signatures of spin-charge 
decoupling. This interpretation is further supported by 
the observation of a temperature-dependent transfer of 
spectral weight over an energy scale of the band width. 

TTF-TCNQ is an organic charge transfer salt whose 
anisotropic properties can be understood from its mono- 
clinic crystal structure [ p^[pT| ], depicted in Fig. |l|. Planar 
TTF and TCNQ molecules form separate linear stacks 
along the crystallographic b direction. Molecular or- 
bitals of TT-symmetry overlap with those of neighboring 
molecules stacked above and below. The covalent bond- 
ing along b is maximized by a rotation of the molecu- 
lar planes about the a-axis. A charge transfer of ^0.59 
electrons per molecule from TTF to TCNQ drives both 
types of stacks metallic. The conductivity along b is up 
to three orders of magnitude larger than perpendicular to 
it, making TTF-TCNQ a truly quasi-lD metal. This is 
also reflected by a Peierls instability occuring at Tp = 54 
K. 

There is substantial experimental evidence that 
Coulomb interaction plays an essential role in the elec- 
tronic structure of TTF-TCNQ The effect of 



strong electronic correlations can approximately be de- 
scribed by the single-band ID Hubbard model, with the 
on-site (i.e. intramolecular) Coulomb energy U and the 
hopping integral t as parameters. Various properties of 
TTF-TCNQ have successfully been analysed within this 
approach . There is general agreement that for TTF- 
TCNQ the ratio U /At ^ 1, with the unperturbed band- 
width At ^ 0.5 eV from experiment and band theory 

iTil,F2i. 



ARPES essentially measures the electron removal part 
of the spectral function A{k,uj) The experiments 

were partly performed at the U2 /FSGM undulator beam- 
line of BESSY I in Berlin, using an Omicron AR 65 
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spectrometer [Q. Spectra on the temperature depen- 
dence were taken at our home lab using He I radiation 
from a rare gas discharge lamp. In both cases the energy 
and momentum resolution amounted to 60 meV and 0.07 
A"-'^, respectively. All data were taken above the Peierls 
transition. Clean surfaces parallel to the ab-plane were 
obtained by in situ cleavage of the crystals at a base pres- 
sure of < 10~^° mbar. Surface quality was checked by 
x-ray photoemission All data presented here were 

measured before notable radiation-induced surface dam- 
age occurred. 

The ARPES spectra measured along the b axis are 
shown in Fig. |^ and display pronounced dispersive be- 
havior. Its existence and periodic symmetry indicates a 
long-range surface order consistent with the bulk peri- 
odicity along b. Spectra measured perpendicular to b 
are dispersionless (not shown here) as expected for a ID 
metal. Our data are in excellent agreement with those of 
Zwick et al. |l6|| but partly display more spectral detail. 

We now turn to a detailed discussion of the dispersions 
in Fig. 1^. At zero momentum (fc = 0) we can clearly iden- 
tify two peaks at 0.19 and 0.54 eV below Ep- With in- 
creasing wavevector the intensity dip between them gets 
smeared out leading to a broad intensity distribution be- 
tween 0.15 and 0.6 eV, until aX k = 0.16 again two 
peaks are resolved. This peculiar behavior is consistent 
with a splitting of the 0.54 eV peak at A; = into two 
separate structures, one moving to higher binding energy 
(labeled d in Fig. ||) and one (b) dispersing towards the 
Fermi level, until it eventually merges with the low bind- 
ing energy peak a leading to the intense structure near 
the Fermi level at fc « 0.16. ..0.24 A'^ For even higher 
momenta a weak structure c moves back again from the 
Fermi level and displays a dispersion symmetric about 
k = 0.87 A~^, corresponding to the Brillouin zone edge 
(Z-point jl^). Simultaneously, structure d disperses to 
higher binding energy and eventually becomes obscured 
by peak c. For wavevectors in the next zone a symmetry- 
related weak shoulder d' is observed. 

Close to fc = 0.24 A~^ spectral features a, b, and c 
reach their closest approach to the Fermi level. We iden- 
tify this position as Fermi vector, even though no actual 
Fermi edge is observed as already noted by Zwick et al. 
1^^ . Rather, the intensity is suppressed almost linearly 
right down to the Fermi energy. We thus obtain a Fermi 
surface nesting vector of 2kp = 0.48 ± 0.06 A~^, in good 
agreement with the modulation vector of the Peierls state 

Fig. |^(a) displays the ARPES spectra as gray-scale plot 
of their negative second energy derivative in the (i?, k)- 
planc, which enhances the visibility of the spectral struc- 
tures and their dispersion. Also shown is our density 
functional band calculation [T^ ] , which yields two pairs of 
nearly degenerate bands attributed to the TCNQ chains 
and TTF chains, respectively. The qualitative behavior of 
experimental structures a, b, and c is found to be in good 



correspondence with band theory. Peaks a and b are thus 
attributed to the TCNQ chains, while c is assigned to the 
TTF stacks. Quantitatively we find however that the ex- 
perimental bandwidths exceed those of the calculation 
by a factor of ~ 2. The fact that band theory is oth- 
erwise in good agreement with bulk properties indicates 
that at the surface, i.e. in the topmost molecular layers 
probed by ARPES, the hopping integral t and therefore 
the bandwidth is renormalized. One may speculate that 
this effect is caused by a molecular surface relaxation; it 
is however of little relevance for the following discussion. 

A much more serious problem of band theory is its 
failure to account for experimental feature d. An in- 
terpretation in terms of a surface state seems tempting, 
but is in conflict with the observed Fermi vector: The 
additional charge of a completely occupied surface state 
would severely affect the delicate charge balance between 
the TTF and TCNQ bands and shift the surface Fermi 
vector notably from its bulk value, which is not observed. 
An alternative explanation of d as umklapp image of the 
TTF band induced by long-ranged Peierls fluctuations 
Ip^ is ruled out due to the lack of other evidence of back- 
folding in the data. 

In view of the strong correlation effects encountered 
in other properties of TTF-TCNQ we now compare the 
ARPES dispersions to the electron removal spectra of 
the ID Hubbard model at finite doping, schematically 
depicted in Fig. ||(b). The (photo)hole generated by re- 
moval of an electron decays into two collective excitations 
with separate dynamics, a spinon characterized by a spin 
quantum number and a spinless holon carrying the charge 
||l| . As a consequence the electron removal spectrum con- 
sists of a broad continuum determined by the phase space 
available for spinon-holon decomposition, indicated by 
the gray-shaded region in Fig. ||(b). However, disper- 
sive singularities may appear (solid lines in Fig. §(b)) 
for certain decompositions of the real hole. For exam- 
ple, the low binding energy singularity arises from hole 
fractionalization into a holon bound to the Fermi level 
and a propagating spinon; it therefore directly reflects 
the dispersion of a bare spinon, whose bandwidth scales 
with the exchange integral J. It is therefore referred to 
as "spinon" branch. The "holon" branch corresponds 
to a spinon pinned to the Fermi level and a propagat- 
ing holon. It crosses the Fermi level at A:_f ± 2/ci? 
From its energy minimum at kp up to 3kp (referred to 
as "shadow band" in Ref. [^) it looses strongly in in- 
tensity until it becomes barely distinguishable from the 
diffuse background. Initially this spectral behavior was 
derived for the strong coupling limit {U >> At) of the ID 
Hubbard- model 20|. Very recently it has been shown 
that it also holds for moderate interaction strengths of 
[/ - 4t as relevant for TTF-TCNQ 

Comparing Figs, ^(a) and (b) one finds a surprisingly 
good agreement of the TCNQ-related ARPES disper- 
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sions with the Hubbard model spectrum. The experi- 
mental structures a and b closely resemble those of the 
theoretical spin and charge branches, respectively pi] . 
Furthermore, the as yet unidentified structure d can be 
well accounted for as the " shadow band" of the Hubbard 
model, at least for not too large A:-vectors. Its upwards 
dispersion beyond kp and its eventual Sfcii^-crossing are 
not observed, probably due to the theoretically predicted 
loss of weight at larger k and the interfering TTF band. 
Within the Hubbard model interpretation the experimen- 
tal dispersions thus give direct spectroscopic evidence of 
spin-charge separation in TTF-TCNQ. 

The Hubbard model interpretation of the experimen- 
tal dispersions is further supported by the tempera- 
ture dependence of the ARPES spectra measured a.t kp, 
shown in Fig. ^ With increasing temperature from 60 
to 260 K the spectra reveal a dramatic shift of inten- 
sity from the low binding energy peak (a/ b) to struc- 
ture d at 0.75 eV. The effect is fully reversible and con- 
serves the total spectral weight within experimental ac- 
curacy. The strong temperature dependence was already 
reported in Ref. but the weight conservation had 

been overlooked there due to a different intensity nor- 
malization A weight transfer over an energy scale 
so much larger than ksT cannot be accounted for by 
conventional electron-phonon coupling or the effect of 
Peierls fluctuations. On the other hand, calculations of 
the temperature-dependent spectrum of the tJ model at 
quarter filling predict a redistribution of spectral weight 
on a scale of t already for temperatures fcsT << t 
exactly as observed in our data. A similar temperature 
dependent weight transfer has recently been reported 
for ARPES spectra of the ID Mott-Hubbard insulator 
Nao.96V205 p3) but without a resolution of individual 
"spinon" and "holon" peaks. 

In summary, the unusual behavior of the ARPES spec- 
tra of TTF-TCNQ is consistent with the ID Hubbard 
model at finite doping, thus reflecting spectral signatures 
of spin-charge separation over an energy scale of the con- 
duction band width. We note however that the nearly 
linear spectral onset at low energies is not reproduced by 
the simple Hubbard model. Close to Ep the density of 
states of an interacting ID metal is expected to follow a 
lE — Epl" power law behavior. With only on-site interac- 
tions the Hubbard model yields a < 1/8 at variance 
with the ARPES data. Exponents of up to a 1 become 
possible for an extended Hubbard model including near- 
est and next-nearest neighbor interactions [|^. Based 
on the strong 2kp correlations in TTF-TCNQ also the 
Luther-Emery (LE) model has been suggested to provide 
an adequate description of its low-energy spectrum pS] . 
Whether the extended Hubbard model or the LE model 
are compatible with the observed high-energy behavior is 
presently unknown and calls for further theoretical work. 
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FIG. 1. Crystal structure of TTF-TCNQ. 



(b) 




" ~2.5t 




H/2 
momentum 



FIG. 3. (a) Gray-scale plot of the ARPES dispersions (see 
text for details). Also shown arc the conduction bands ob- 
tained from density-functional band theory, (b) Schematic 
electron removal spectrum of the ID Hubbard model at finite 
doping (band filling n < 2/3). 
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FIG. 2. Angle-resolved photoemission spectra measured for 

wavevectors k along the FZ direction {hu = 25 eV, T — 61 K). 
The thin lines indicate the dispersion of the spectral features. 
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FIG. 4. Temperature-dependence of the spectrum at 
k = kp- Note the dramatic transfer of weight from low to 
high binding energy with increasing temperature. 
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